INTRODUCTION 39
Bacteria encounter the presence of extracellular DNA (eDNA) when growing as 40 biofilms and during interactions with immune cells (1). During biofilm formation, eDNA in 41 the extracellular matrix arises through autolysis, secretion, outer membrane vesicle 42 (OMV) release or phage-mediated lysis (2). During infections, bacteria are likely exposed 43 to eDNA in many infection sites, where microbes encounter neutrophil extracellular traps 44 (NETs) (3). NETs are an ejected lattice of chromosomal DNA that is enmeshed with 45 numerous antimicrobial proteins from neutrophil granules that function to trap and kill 46 numerous microbial organisms (3). P. aeruginosa encounters NETs in the Cystic Fibrosis 47 (CF) sputum (4,5) and also during eye and skin infections (6,3). 48 resist the pH changes associated with DNA addition. Standard BM2 containing 1mM Mg 2+ 126 was also adjusted to pH 5.5 and 7. Gene expression (CPS) was normalized to cell growth 127 (optical density, OD600). 128 pH 5.5 or LB supplemented with 0.2% DNA, then sub-cultured in the same corresponding 131 conditions until mid-log. Cultures were then normalized to similar OD600 values and cells 132 (5x10 7 CFU) were resuspended in LB adjusted to pH 3.5 to subject the cells to acid shock. 133
At various time points after acid shock (5-120 minutes), cells were serially diluted and 134 plated to count the surviving population. Overnight cultures of P. aeruginosa PAO1 or mutants were grown in relevant media were 140 washed to remove extracellular components. Bacteria were in PBS pH 7.4 and bacterial 141 densities adjusted so as to infect cells at a multiplicity of infection (MOI) of approximately 142 50:1. Phagocytosis was allowed to proceed for 1h, followed by a 4h incubation with 100 143 μg/ml of polymyxin B to kill extracellular bacteria (19) . At 5h post-infection DMEM media 144 was removed and infected macrophages treated for 15 mins with 0.1% Triton-X-100 145 (Sigma). Intracellular survival of P. aeruginosa 5h post-infection was quantified by serial 146 dilution and plating of lysed macrophages on LB plates. 147 148 Nicking P. aeruginosa infection of Drosophila. Drosophila were maintained routinely 149 on medium containing corn meal, agar, sucrose, glucose, brewers' yeast, living yeast, 150
propionic acid, and phosphoric acid (20) . Fly nicking assays were performed as previously 151 described (21) using 3-5 day old female flies. Fly survival was monitored and recorded 152 from 12 to 24 h post-inoculation. Kaplan-Meier survival curves were plotted, and statistical analysis was performed using GraphPad Prism 5 software. Significant We previously identified two operons that are induced by the addition of extracellular 180 DNA: the arn/pmr operon (PA3552-PA3559) that is required for the addition of 181 aminoarabinose to the lipid A moiety of lipopolysaccharide (LPS), and the spermidine 182 synthesis genes PA4773-PA4774 (1). We considered these two operons as internal 183 positive controls given their DNA-induced expression patterns using lux reporter fusions 184 (9-11) and quantitative RT-PCR (10). Although many of these genes were induced by at 185 least 2-fold, not all genes within these operons were significantly upregulated by DESeq 186 analysis (Table S1 ). Given the general observation that many gene clusters or operons 187 showed trends of induction by eDNA, we included all 255 genes that were induced by 2-188 fold by the presence of extracellular DNA in Supplementary Table 1 . In total, there were 189 148/255 genes that were induced by at least 2-fold (p<0.05), and 89/255 genes that were 190 considered significantly induced by eDNA (FDR<0.05). We limit our discussion to mainly 191 those genes that were significantly regulated by eDNA. 192
193
To summarize, there were several categories of genes induced by eDNA. The 194 majority of genes appear to be required for basic metabolism and energy generation. This 195 group includes numerous enzymes in basic metabolic enzymes and nutrient uptake 196 pathways, such as nucleotide/nucleoside transport and catabolic genes. This group is 197 likely required in the utilization of DNA as a nutrient source. There were also categories 198 of genes that could be involved in antibiotic resistance, metal transport/efflux, and numerous transcriptional regulators (Table S1 ). In addition to genes that were induced, 200 there were also genes that were significantly repressed by the addition of extracellular 201 DNA. In total, there were 109 genes that were repressed by at least 2-fold (p<0.05), and 202 76/109 genes that were considered significantly repressed by eDNA (FDR<0.05). The 203 major categories of DNA-repressed genes are involved in metabolism, metal efflux, and 204 bacterial secretion systems (Table S2) . (Table S1 ). The most intuitive induced genes were those annotated with 209 functions in nucleotide/nucleoside metabolism or transport. For example, the xanthine 210 dehydrogenase cluster (xdhABCD) is a complex molybdenum-containing flavoprotein 211 that is involved in purine catabolism and may be involved in electron transport processes. 212
Within the same cluster, the guanine deaminase PA1521 and the PA1517-PA1513 213 operon are also likely involved in purine catabolism (Table S1 ). The cytosine deaminase short oligonucleotides, nucleotides or polyamines (Table S1 ). There is a large group of 218 DNA-induced genes annotated for diverse biosynthetic and catabolic enzymes, and 219 energy generation processes (Table S1 ). For example, the cyoABCDE genes encode a 220 cytochrome o ubiquinol oxidase subunit II (22) and may play a role in electron transport 221 and energy generation in the presence of eDNA (Table S1 ).
It is also interesting that specific metabolic genes are also repressed by extracellular 224 DNA (Table S2 ). The Cbb3-type cytochrome oxidase (PA4133) gene is repressed and 225 supports the concept that environmental conditions influence the expression of the shown that spermidine synthesis genes PA4773-PA4775 and the aminoarabinose 233 modification of lipid A genes PA3552-PA3559 (arn/pmr) are two operons required for 234 DNA-induced antimicrobial peptide resistance (1). The modifications protect the outer 235 membrane from cationic antimicrobial peptide damage in DNA-enriched biofilms or 236 planktonic cultures (9,10), and limit aminoglycoside permeability under acidic conditions 237 (11). They also protect the outer membrane from direct DNA damage and killing by 238 neutrophil extracellular traps (3). These genes are highly expressed in the presence of 239 eDNA and are required for shielding the outer membrane and protecting from diverse 240 membrane and antibiotic threats. 241
242
The transcriptome of eDNA-induced genes included other potential antibiotic 243 resistance genes such as a b-lactamase (PA2315), an aminoglycoside 244 phosphotransferase (PA1829), and the OpmG outer membrane protein that contributes to aminoglycoside resistance (23), which is adjacent to the emrAB multidrug efflux pump 246 (PA5157-PA5159) (Table S1 ). Interestingly, eDNA represses the expression of nalD 247 (Table S2) , which is a transcriptional repressor of the MexAB-OprM RND efflux pump 248 (24). This regulatory effect may ultimately lead to activation of the MexAB-OprM pump in 249 the presence of eDNA. These systems may act as novel resistance determinants that are 250 uniquely expressed in DNA rich biofilms or infection sites. 251
252

DNA influences the expression of diverse metal efflux and transport pathways. An 253
interesting subset of the transcriptome included genes that are involved in both the efflux 254 and transport of metal cations. Among the DNA-induced genes, there are numerous 255 transport systems for sodium (Na + ), iron (Fe 2+ ) and zinc (Zn 2+ ) ( Table 2) , mostly involved 256 in the uptake of these cations. The TerC protein is an integral membrane protein that 257 effluxes tellurium and therefore contributes to tellurium resistance (Table 2) . Interestingly, 258 among the DNA-repressed genes, there are numerous RND efflux and transport systems 259 for cobalt (Co 2+ ), zinc (Zn 2+ ) and cadmium (Cd 2+ ). The repression of metal efflux pumps 260 and induction of cation transport pathways could collectively lead to increased rates of 261 metal cation uptake (Table 2) . 262
263
We have shown previously that DNA can efficiently bind to exogenous divalent metal 264 cations such Mg 2+ , Ca 2+ , Mn 2+ and Zn 2+ (9). To confirm that DNA sequesters diverse 265 metals, we analyzed various commercial DNA preparations for total bound metals using 266 inductively coupled plasma mass spectrometry (ICP-MS). All DNA samples bound to a 267 wide range of metals. As internal controls, we confirmed that that Na + -DNA bound the highest amount of Na + , and the K + -DNA bound the highest amount of K + (Table 3) . These 269 samples were likely named Na + -DNA or K + -DNA as a consequence of DNA precipitation 270 with these respective salts during the purification process. The highly bound cations and 271 metals to DNA included Na+, K+, Ca 2+ , Mg 2+ , Zn 2+ , Cr 3+ , Sr 2+ , Cd 2+ , Co 2+ , Fe 2+ , Pb 2+ , Al 3+ 272 and Mn 2+ (Table 3) (Table 3) , thereby limiting exposure to these metals, which may explain 277 why the the CzcRS regulatory system and the CzcCBA efflux system are repressed by 278 extracellular DNA (Table S2 ). These metals are required for growth in trace amounts and 279 are toxic in higher concentrations, and therefore require homeostatic uptake processes 280 to balance the need and toxicity of these metals. In conclusion, we propose that the 281 anionic phosphate backbone of DNA permits the binding and sequestering of diverse 282 metal cations, which leads to a complex response to achieve a balance in metal uptake. 283 284 Extracellular DNA repressed the H2-T6SS and the T3SS. The type III secretion system 285 (T3SS) is required to deliver exotoxins directly into host cells through a needle-like 286 structure, which interfere with host cell responses and contribute to bacterial virulence 287 (27). The type VI secretion system (T6SS) encodes a contractile syringe structure 288 required for interbacterial killing and allows for competition among mixed bacterial 289 communities (28). Extracellular DNA repressed the expression of many genes within the 290 T3SS and the H2-T6SS clusters (Table S2 ). While DNA specifically represses the H2-rapidly activate the H1-T6SS through post-translational control, which leads to 293 nonselective attack and killing of neighbouring bacterial species (29). The H1-T6SS 294 contributes primarily to bacterial killing, but the H2-T6SS contributes to killing of 295 eukaryotic and bacterial cells (28). 296
297
The type III secretion system is controlled by limiting Ca 2+ and therefore creates a Mg 2+ limiting condition and induces genes that are known to be 312 ( Fig 1) . The baseline expression of these reporters is high in baseline conditions without 324 DNA, since 100 µM Mg 2+ is already an inducing condition, and eDNA induces expression 325 further by 2-fold (Fig 1) . However, many genes have very low expression levels in the 326 absence of DNA and are induced very strongly. For example, several metabolic genes 327 showed a strong induction response to eDNA, including cyoB, oprD, xdhB, PA1519, 328 PA4620, PA4621, tyrS and PA5234 (Fig 1) . In comparison, some genes had low levels 329 of baseline expression and showed modest induction by eDNA (PA1127, PA0222) ( Fig  330   1 ) 331
332
Since it is known that acidification by eDNA is a separate signal to induce expression 333 of the arn/pmr and PA4773-PA4774 operons, we wanted to determine if any of the novel 334 eDNA-induced genes were responding to acidic pH. We therefore measured the 335 expression of these reporters in neutral pH 7 and under mild acid pH 5.5. Figure 2 Overnight cultures were sub-cultured and grown to mid-log phase in the same 354 corresponding conditions, before being subjected to an acid shock (pH 3.5). Colony 355 counts were performed before and after the acid shock to determine the relative survival 356 of the three populations. After 20 to 60 minutes exposure to acid pH, the cultures grown 357 in mild acid pH 5.5 were shown to promote an acid tolerance response. Interestingly, 358 growth in presence of 0.2 % extracellular DNA led to the greatest survival and tolerance 359 to exposure to pH 3.5 shock treatment. After 90 minutes of exposure to acid pH 3.5, LB grown cultures decreased to zero viability. However, PAO1 that was pre-grown in 361 extracellular DNA was the only condition that promoted survival for up to 120 minutes (Fig  362   3 ). We recently demonstrated that DNA accumulation results in acidic microdomains in 363 biofilms and pH values decreased to ~5.5 in biofilms formed by an eDNA hyperproducing 364 strain (11). Given the ubiquitous accumulation of eDNA in biofilms, we propose that the 365 acid tolerance response is required to survive the pH gradients that establish within (Fig 3) . To confirm the role of the cyo quinol oxidase in 384 surviving an acid pH shock, we compared the acid tolerance response of the wild type 385 strain to a transposon mutant in the cyoB::lux gene. The cyoB::lux mutant did not survive 386 an acid shock treatment beyond 45 minutes when pre-grown in mild acid pH 5.0, and did 387 not survive beyond 90 min when-grown or in the presence of 0.2% eDNA, respectively 388 ( Fig 3) . These data suggest that the cyoABCDE genes are required to balance 389 cytoplasmic pH during an acid shock, and therefore contribute to the acid tolerance 390 response. 391
392
Growth in eDNA influences intracellular survival. We wanted to determine the 393 influence of extracellular DNA on virulence phenotypes of P. aeruginosa. We 394 hypothesized that DNA-induced antimicrobial peptide resistance (1), in combination with 395 DNA-induced acid tolerance (Fig 3) , would promote intracellular survival during 396 phagocytosis. P. aeruginosa PAO1 was cultured overnight in BM2 supplemented with or 397 without 0.75% DNA and bacterial densities were adjusted to infect fully confluent 398 macrophage cell monolayers at a MOI of 50:1. A significant increase was observed in the 399 number of CFUs recovered following 5 hrs of intracellular survival for PAO1 precultured 400 in the presence of extracellular 0.75% DNA, and also when pre-cultured in limiting Mg 2+ 401 (20 µM). (Fig 4A) . PAO1 grown in the presence of extracellular DNA and excess 10mM 402 Mg 2+ were not significantly differently to PAO1 precultured in BM2 with excess 2mM Mg 2+ 403 ( Fig 4A) . The addition of excess Mg 2+ reduced the survival phenotype to wild type levels, 404
presumably because exogenous magnesium neutralized the cation chelating effects of Grown in eDNA influences virulence during fruit fly infections. The Drosophila 408 nicking infection model (21) was used to assess the influence of eDNA on the virulence 409 of P. aeruginosa. This infection model was preferred over the fly feeding model for this 410 experiment, since fly killing is rapid in the nicking model (hours), and therefore the 411 potential influence of the pre-growth conditions may have an immediate effect on the 412 infection. In contrast, the slow killing kinetics of feeding infections would be less 413 influenced by the phenotype of the ingested bacteria. P. aeruginosa PAO1 was grown in 414 different conditions and injected into the abdomen of fruit flies, which results in fly death 415 with 15 hrs. PAO1 grown in limiting Mg 2+ or in 0.75% DNA were significantly less virulent 416 (54-67% survival at 24h post-infection) than PAO1 pre-cultured in BM2 high Mg 2+ or BM2 417 excess Mg 2+ + 0.75% DNA (30-34% survival at 24h post-infection) ( Fig 4B) . The reduced 418 virulence of PAO1 grown in the presence of eDNA may be related to the repression of 419 the type III and type VI (H2) secretion systems (Table S2 ). These data indicate that P. 420 aeruginosa pre-grown under conditions of cation limitation have altered virulence 421
properties compared to strains grown in cation rich environments. 422 423
Discussion. 424 425
While extracellular DNA was initially discovered to have a structural role in 426 maintaining the biofilm structure of young P. aeruginosa biofilms (33), we now understand 427 that eDNA has many additional, non-structural functions. DNA imposes various stresses on cells by chelating and limiting the availability of metal cations, disrupting membrane 429 integrity, acidifying the environment and acting as a nutrient (9,11). To gain further insight 430 into how eDNA influences P. aeruginosa, we performed a transcriptome analysis. 431
Correspondingly, many genes are induced in response to these stresses that contribute 432 to defence and ultimately to long-term survival of P. aeruginosa. 433
434
In addition to the PhoPQ/PmrAB-controlled outer membrane modifications that 435 protect against antimicrobial peptides, aminoglycosides, DNA and NET killing (16,9-11), 436 eDNA induces the expression of additional antibiotic resistance genes. Extracellular DNA 437 chelates metals and controls the expression of diverse metal uptake and efflux systems, 438
in an attempt to acquire the limiting metals. The largest category of eDNA-induced genes 439 are likely required to use DNA as nutrient source of phosphate, nitrogen or carbon. We 440 demonstrate that similar to S. typhimurium (31), P. aeruginosa also has an acid tolerance 441 response when grown with eDNA, which promotes survival to acid shock. The ability of 442 P. aeruginosa to survive in acidic conditions is important in DNA-rich biofilms or infections 443 sites, but also when ingested in the stomach, or when phagocytosed into acidified Wild type PAO1 was grown overnight in LB, LB containing 0.2% DNA or LB adjusted to 596 pH 5.5, and then exposed to an acid shock of pH 3.5. The cultures were plated to 597 enumerate bacterial survival at 15 min intervals after the acid shock. Values shown 598 represent the average and standard error of triplicate CFU/ml values, and each 599 experiment was performed three times. (B) Wild type PAO1 and the cyoB::lux mutant 600 were grown overnight in LB, LB containing 0.2% DNA or LB adjusted to pH 5.5, and then 601 exposed to an acid shock of pH 3.5. Bacterial numbers were determined before the acid 602 shock (t=0) and then at 45 and 90 min after being exposed to the pH 3.5 acid shock. performed at least 3 times each with a minimum of 50 flies and representative curves 619 are shown. Significant differences were determined with the log rank test between 620 infections with bacteria grown in 0.02 mM and 2mM Mg 2+ (**p<0.01), between 2mM 
